ABSTRACT tRNA*DNA hybridization studies indicate that Euglena chloroplast tRNAs are transcriptional products of the chloroplast genome, which contains approximately 28 tRNA cistrons. Hybridization with purified chioroplast tRNAPhe and tRNAAP shows that the chloroplast genome contains one cistron for each of these two species. No hybridization of chloroplast tRNA with nuclear DNA was observed. tRNAs from Euglena cytoplasm, Escherichia coli, and Agmenellum quadraduplicatum do not compete with chloroplast tRNA for hybridization with chloroplast DNA. Evidence is presented that photoinduction of chloroplast tRNAs is at the level of transcription rather than maturation of tRNA precursor molecules. The chloroplasts of Euglena gracilis contain tRNAs and aminoacyl-tRNA synthetases that are (i) induced by light and (ii) exclusively compartmentalized within these organelles (1-3). The synthetases are encoded by nuclear genes and are translated on cytoplasmic ribosomes (2). In the present report we have used tRNA-DNA hybridization to ascertain the intracellular localization of the structural genes for the chloroplast tRNAs.
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MATERIALS AND METHODS Euglena gracilis var. bacillaris and W3BUL, an ultravioletinduced mutant lacking detectable chloroplast structure and DNA, were used (4). The blue-green alga, Agmenellum quadraduplicatum (a gift from Dr. Lonnie 0. Ingram), was grown in ASP2 medium (5) and bubbled with 1% CO2 in air.
Preparation of Nucleic Acids. Chloroplasts were isolated as described (2) except that the time of zonal centrifugation was 3 hr. They were stored at -80°. For the isolation of chloroplast DNA, the frozen chloroplasts were thawed in 0.15 M NaCl, 0.1 M Na2EDTA, and 0.1 M Tris-HCl (pH 8.0), and the DNA was extracted essentially as described (6) by Marmur using boiled pancreatic ribonuclease (100 Ag/ml, Sigma, Type IIIA) followed by treatment with predigested Pronase (500 gg/ml, Calbiochem). Nuclear DNA was isolated from W3BUL by the same procedure. After precipitation with isopropanol, the DNA was further purified by preparative CsCl gradient centrifugation (7) . The gradients were fractionated so as to retain all DNA species. The amount of nuclear DNA in the chloroplast DNA fraction was determined from the density-gradient profiles.
Chloroplast ribosomes and rRNA were extracted as described (8) . rRNA was further purified by Sephadex G-100 chromatography in order to remove any residual tRNA. tRNA was isolated as described, using both DEAE-cellulose and Sephadex G-100 column chromatography (1, 3) . Cytoplasmic tRNA was isolated from W3BUL, whereas chloroplast tRNA was extracted from purified chloroplasts (2 tography of the purified chloroplast tRNA (9) . E. coli tRNA was the gift of Dr. G. D. Novelli. Chloroplast tRNAPhe and tRNAASP were purified by a combination of phenoxyacetylation, benzoylated DEAE-cellulose, and RPC-5 column chromatography (9) . lodination of tRNA. tRNA labeled with iodine-125 was prepared by a modification of the procedure of Commerford (10, 11) . The iodination mixture contained in 0. per vial) containing 1 ml of 0.1 X SSC. After 5 min at a given temperature, the filter was removed from the vial, placed into another vial containing 1 ml of 0.1 X SSC equilibrated to the incubation temperature, and the temperature was raised. The radioactivity eluted at each temperature was determined by scintillation counting. The amount of radioactivity eluted at a given temperature from a blank filter was routinely subtracted. Virtually all of the bound radioactivity was eluted after incubation at 1000.
RESULTS AND DISCUSSION
The hybridization of chloroplast tRNA to chloroplast DNA is shown in Fig. 1 . These saturation experiments were performed in the presence and absence of unlabeled chloroplast rRNA because these rRNAs are known to be unstable (8) and it is extremely difficult to obtain from chloroplasts a preparation of unfractionated whole tRNA that is not contaminated with rRNA fragments. Thus, it is possible, by the addition of an excess of unlabeled rRNA, to effectively eliminate by competition any radioactivity that might appear in the hybrid as a result of contaminating rRNA. At saturation in the presence of unlabeled rRNA, chloroplast tRNA hybridizes with 0.74% of the chloroplast genome (Fig. 1) . As expected, much higher levels of RNA are required for saturation in the absence of unlabeled rRNA.
Assuming an average molecular weight of 92 X 106 for the Euglena chloroplast genome (14, 15) Purified Euglena chloroplast tRNAPhe and tRNAASP have also been used in hybridization experiments (Fig. 4) cistrons are not closely linked. The results with both unfractionated tRNA and the individual tRNAs indicate that, as is the case with mitochondrial DNA (22) , the chloroplast tRNA cistrons are probably distributed throughout the chloroplast genome. Thermal dissociation of the tRNA-DNA hybrids is shown in Fig. 5 . In both cases the melting profiles are characteristic of specific hybrids, with tm values (in 0.1 X SSC) of 610 for unfractionated chloroplast tRNA and 63' for tRNAPhe. The tm of polynucleotide complexes is a function of (i) the G+C content (23, 24) , (ii) the number (up to approximately 50) of interacting nucleotides (24), (iii)' the sequence of the interacting nucleotides (25) , and (iv) the number, type, and location of mismatched base pairs (26) . The chloroplast tRNAPhe contains 54% G+C (9) and the calculated (23) tm in 0.1 X SSC for a DNA-DNA duplex containing 54% G+C is 760, whereas the observed value for the chloroplast tRNAPhE-DNA hybrid is 630. This lower value is, however, consistent with observed tm values in other organisms [Neurospora (27) and E. coli (28) ] in which presumably perfectly paired hybrids between tRNA and purified tRNA genes exhibit tm values below the tm of the corresponding DNA duplex (27, 28) . Thus, it seems likely that the lowered tm results from the formation of fragments of less than 50 nucleotides as a result of RNase treatment, 125I and thermal scission during hybridization, rather than from mispaired bases. The specificity of the chloroplast tRNA.DNA hybrids has also been determined by competition experiments (Fig. 6 ). In the presence of an equal amount of unlabeled chloroplast tRNA, there is a 42% reduction in the amount of chloroplast 125-Ilabeled tRNA hybridized (Fig. 6A) . As the ratio of unlabeled to labeled tRNA increases, the decrease in the amount of 125I-labeled tRNA hybridized is within 10% of the theoretical decrease expected from isotope dilution. Thus it appears that iodination of the tRNA does not cause nonspecific binding to the DNA-containing filters and that hybridization is only occurring between those portions of the DNA whose base sequence is complementary to chloroplast tRNA.
Cytoplasmic tRNA isolated from the plastidless mutant, W3BUL, does not compete with chloroplast tRNA for hybridization with chloroplast DNA (Fig. 6A) . Thus transcription of chloroplast-type tRNA does not occur within the nucleus of W3BUL.
Dark-grown Euglena cells are known to contain low levels of the chloroplast tRNAs that rapidly increase upon exposure to light (1, 3) . This is reflected in the ability of tRNAs from the light-and dark-grown cells to compete with chloroplast tRNA for hybridization (Fig. 6A) . As expected, light-grown whole-cell tRNA is a more effective competitor than dark-grown-wholecell tRNA. This same relationship holds even when the competing tRNA has not been separated from high molecular weight contaminants by Sephadex G-100 chromatography (data not shown). The concentration-dependence of the competition indicates that approximately 35% of the light-grown whole-cell tRNA is chloroplast tRNA, whereas approximately 5% of the tRNA from dark-grown cells is from this organelle. These results also suggest that the effect of light on tRNA induction is at the level of transcription rather than maturation of precursor molecules, since precursor tRNA would compete in hybridization as effectively as the finished product. These experiments do not, however, rule out the possibility that extremely large precursor molecules are present in dark-grown cells, and may not be in our tRNA preparations.
In order to remove high molecular weight RNA, we subjected the tRNAs used in these experiments to gel filtration on Sephadex G-100 as one of the preparative steps. The chloroplast rRNA of Euglena is quite unstable (8) of Sephadex G-100, the smaller (approximately 4S) fragments of rRNA contaminate our tRNA preparations. To verify that the observed competition between rRNA and 125I-labeled tRNA is due to these breakdown products, we have studied the concentration-dependence of this competition (Fig. 6B) . At ratios of rRNA to 125I-labeled tRNA of 2:1 to 40:1, there is a 50-60% reduction in the amount of 125I-labeled tRNA hybridized (Fig.   6B ). A significant amount of tRNA is not competed by rRNA, indicating that tRNA is hybridized to cistrons distinct from the ribosomal cistrons. The 4:1 ratio of rRNA to '25I-labeled tRNA used in the saturation and gradient hybridization experiments is well in excess of the rRNA input required to saturate all of the rRNA cistrons. The saturation values obtained (Fig. 2) and the distribution of tRNA cistrons observed on CsCl density gradients ( Fig. 1) are therefore a true reflection of the amount and distribution of the chloroplast tRNA cistrons. We have also found that the tRNA from neither the bluegreen alga, A. quadraduplicatum, nor from E. coli is capable of competing with chloroplast tRNA in hybridization (Fig. 6B) . Thus, the hybridization conditions used are highly selective.
Using these stringent hybridization conditions, therefore, we have found that the Euglena chloroplast genome contains the structural genes for chloroplast tRNAs. There are approximately 26 tRNA cistrons per genome, or approximately one per tRNA species. These cistrons do not appear to be contiguous with the rRNA cistrons or, in the case of tRNAPhe and tRNAAsP, with each other. The mitochondrial genomes of HeLa cells (22, 29) and Xenopus (30) code for only 12 and 15 species of tRNA, respectively. However, the chloroplast genome of Euglena, like the mitochondrial genome of yeast (31) and the chloroplast genome of tobacco (32) , contains sufficient information to code for all 20 amino acids involved in protein synthesis. The present experiments also indicate that photoinduction of Euglena chloroplast tRNA occurs at the level of transcription rather than maturation of tRNA precursors.
